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Introduction
Accurate determination of Earth's gravity field in coastal zones can be a challenging task. While land gravity can be observed -in principle with arbitrary density -close to the shorelines, shipborne gravity is restricted to marine areas which are safe to navigate (e.g., Featherstone 2010) . Compared to land gravity observations, shipborne gravity can be of rather scarce geoid heights (Limpach 2009 ) and for forward-modeling of short-scale gravity and geoid effects over Greece (Tziavos et al. 2010) . To augment the high-resolution EGM2008 global gravity field (Pavlis et al. 2012 ) over marine areas beyond the EGM2008 resolution of 5 arc minutes, Tocho et al. (2012) tested RTM high-frequency effects offshore Argentina, however with limited success (discussed later).
The present study revisits the RTM forward-modeling technique along with DTM/DBM data with the goal to improve high-resolution global gravity fields (here EGM2008) at short spatial scales (less than 5 arc minutes) in coastal zones. Our work differs from the above studies for the following reasons.
First, we merge SRTM30plus (Becker et al. 2009 ) 30 arc-second bathymetry with higherresolution SRTM V4.1 topography (Jarvis et al., 2008) as RTM input data. While a similar merging strategy was used by Delikaraoglou et al. (2009) along with the degree-360 EGM96 model for smoothing of observed gravity in a RCR-type interpolation, we exploit here [much finer] short-scale information of the SRTM30plus/V4.1 merger to augment the degree-2190 EGM2008 model beyond 5 arc-min resolution.
Second, we combine Forsberg's (1984) RTM scheme with the concept of rock-equivalent topography (RET, e.g., Balmino et al. 1973 ) over marine areas. Compressing the ocean water masses to RET is convenient because it allows us to use a single uniform constant mass-density in the RTM forward-modeling, both at land and sea.
Third, instead of taking simple moving averages to generate the long-wavelength RTM reference surface, we use a new high-degree spherical harmonic RET, derived through spherical harmonic analysis. Our reference surface improves the construction of the RTM data for the purpose of GGM-augmentation in the coastal zone.
Finally, we test the performance of the RTM forward-modeling for three frequently used gravity field functionals (vertical deflections, gravity from land/ shipborne gravimetry, and geoid heights from GPS/leveling) in coastal zones of Greece and Canada, and place a focus on identification of improvements originating from inclusion of bathymetry. Our tests demonstrate that RTM forward-modeling, as described and carried out here, can be effective in delivering information on the short-scale gravity field in coastal zones which is not represented by high-degree geopotential models such as EGM2008. The approach described and tested may be of value to improve high-degree global gravity fields in some coastal applications (see discussion and conclusions) as long as no airborne gravimetry is available or accessible. Depending on the resolution and accuracy of airborne gravimetry, the approach could still be useful, even when airborne gravity data exist.
One might argue that using bathymetric depths from altimetry to refine marine altimetric gravity (as contained in 5 arc-min EGM2008 over the oceans) is a cyclic procedure. However, with the approach taken here, spectral information down to 5 arc-min is removed from the bathymetric data through the high-pass filtering. As a consequence, both model components (EGM2008, and forward-modelled gravity from high-pass filtered bathymetry at scales less than 5 arc-min) should be largely complementary, specifically where soundings were used to constrain the DBM. However, some unwanted correlation may be present in both components as a result of increased error levels of altimetric products near the coast.
Data and methods

DTM/DBM and merging
The ingredients for the coastal zone RTM gravity forward-modeling are high-resolution DTM and DBM. Earth's topography is generally known to higher resolution than its bathymetry, and this is manifested by the resolution gap of available global DTM and DBM. One of the highestresolution combined DTM/DBM model is the 30 arc-second resolution SRTM30_PLUS V.7.0 model (Becker et al. 2009 ) that is combined here with the hole-filled SRTM V4.1 release (Jarvis et al. 2008) to exploit the higher resolution of SRTM data over land.
SRTM30_PLUS uses the elevations from the SRTM mission (Farr et al. 2007 ) over land areas, and ~298 million depth soundings edited and combined with seafloor topography estimates from altimetry (e.g., Smith and Sandwell 1997). According to Becker et al. (2009) , about ~10% of their seafloor estimates can be considered constrained by soundings (at 1 min resolution), with more soundings processed near the coast and continental margins than over the ocean basins. We select the hole-filled 250m-resolution (7.5 arc second) SRTM V4.1 model because it performs reasonably well in RTM forward-modeling of gravity field functionals over land areas (e.g., Hirt 2010; Hirt 2012 ). The 7.5 arc second resolution of the V4.1 release exceeds those of the SRTM30_PLUS bathymetry by factor 4, so is [more than] good enough to study the contribution of the lower-resolution bathymetry. The formal SRTM30_PLUS resolution exceeds those of EGM2008 by a factor of ~10, which is why the bathymetric component of this data set was selected for our coastal short-scale gravity forward-modeling.
We merged the 7.5 arc second SRTM V4.1 model with the SRTM30_PLUS bathymetry in a two-step procedure, by first increasing its 30 arc second resolution to 7.5 arc second (using bicubic interpolation), before inserting the 30_PLUS bathymetric depths into the V4.1 release over ocean areas. Oceans were distinguished from land using the SRTM water body data set that is included in the SRTM4.1 release. Outside the SRTM4.1 coverage (that is, at high latitudes outside 60° North and 56° South) SRTM30_PLUS is used (see Becker et al. 2009 for details on the data sources). The result of the combination, the SRTM4.1/SRTM_30PLUS merger is abbreviated here to SRTM-C (combined).
Rock-equivalent topography
In our coastal RTM forward-modeling, the mass-density of standard topographic rock (ρ =2670 kg m -3 ) is used to represent land points, as well as the seafloor topographic masses (alternatively, smaller mass-density values could be used for the sediments, if known). The ocean water masses are properly represented through a mass density of W ρ =1030 kg m -3 . To avoid the need to distinguish between different density values in the forward-modeling step (and use of two different reference surfaces), we make use of the concept of rock-equivalent topography (RET, e.g., Balmino et al. 1973; Rummel et al. 1988; Hirt et al. 2012 ). In the RET approach, the ocean water masses are 'compressed' into equivalent rock masses by reducing the ocean depths
Eq. 1 is applied for all H<0 where the SRTM water body data set indicates ocean areas, converting the SRTM-C to SRTM-CR (combined and rock-equivalent over the oceans). The use of RET is convenient because a single constant uniform mass-density (of topographic rock) can be used both over land and the now-compressed ocean water masses in the RTM forwardmodeling, thus there is no further need to discriminate between land and ocean points. As a drawback, the geometry of the ocean masses is changed (e.g., Kuhn and Featherstone 2003 ). As will be indirectly shown by the performance of the coastal RTM technique, this effect is acceptable near coastlines, where the sea floor topography is mostly shallow.
Spherical harmonic reference surface
The RTM approach requires a smooth, long-wavelength reference surface to be subtracted from the detailed elevation model (Forsberg and Tscherning 1981) . Following Forsberg (1984) , the reference surface can be either obtained through averaging the detailed elevation model, or "especially [] through a high-order spherical harmonic expansion of the topography of Earth" (ibid, p.37) . If the RTM is used as augmentation of global geopotential models (GGM) beyond their maximum resolution (i.e., maximum harmonic degree n), subtraction of a spherical harmonic reference surface of the same degree is most suitable to high-pass filter the detail elevations.
While some studies use moving-average-filtering to construct RTM data over marine or coastal zones (e.g., Tziavos et al. 2010; Tocho et al. 2012) , we prefer to use a spherical harmonic reference surface. This is because spherical harmonic reference surfaces were found to perform significantly better than moving averages when RTM data is to be deployed as augmentation of GGMs at short scales (Hirt 2010) . The suitability of spherical harmonic reference surfaces in RTM forward-modeling for the purpose of GGM-augmentation was early indicated by Forsberg (1984, p37 and p38) .
Our goal is to augment the degree-2160 EGM2008 GGM (Pavlis et al. 2012 ) through RTM at scales less than 5 arc minutes, thus a spherical harmonic reference surface of identical resolution is required. The EGM2008-accompanied DTM2006.0 topography model (see Pavlis et al. 2007; is not rigorously compatible to our SRTM-CR model, even if the DTM2006.0 bathymetry was made rock-equivalent with Eq. (1). The most notable difference to Pavlis et al.'s DTM2006.0 data base is that our SRTM-CR uses SRTM30_PLUS and thus relies on depth soundings [where available] over the oceans, but differences also exist over land areas (see Pavlis et al. 2007; for the data sources used for their DTM2006.0). To yield a consistent reference surface, we expanded our SRTM-CR into spherical harmonics with the procedures detailed in Appendix A. The resulting spherical harmonic expansion of SRTM-CR, a set of spherical harmonic coefficients complete to degree and order 2160, is denoted here RET2012. RET2012 elevations are synthesized using 
HS
) coefficients is publicly available for other users via http://www.geodesy.curtin.edu.au/research/models. The RET2012 harmonic coefficients are rigorously compatible to SRTM-CR (and thus SRTM30_PLUS in RET-representation over oceans, and the SRTM V4.1 release over land), allowing accurate high-pass filtering of the SRTM-CR detailed elevation grids.
RTM forward-modeling of gravity effects
RTM elevations are formed as differences between the 7.5 arc second SRTM-CR and the RET2012 spherical harmonic elevations with 2012 RET max n = 2160. The RTM represents mass-prisms of standard topographic rock density, and possesses spectral energy at scales shorter than 5 arc minutes. The conversion of the RTM elevations to RTM gravity effects is done based on the well-known forward-modeling procedure described in Forsberg (1984) , whereby numerical prism integration is performed within a circular cap of some radius around the computation point to obtain the gravitational potential of the RTM-topography, as well as RTM geoid heights, gravity disturbances and vertical deflections (see, e.g., Forsberg and Tscherning 1981; Forsberg 1984; Nagy et al. 2000 for the equations). In our RTM/RET forward-modeling, the evaluation points are located at the RTM-topography, which coincides with the SRTM topography over land, while this surface is located under the ocean surface due to the RET-compression.
The RTM integration radius depends on the gravity functional (geoid or derivatives of the disturbing potential such as gravity and vertical deflections), as well as on the spectral energy of the RTM elevations. For RTM geoid heights (and the spatial scales shorter than 5 arc-min modelled here), an integration radius of ~200 km is suitable (Hirt et al. 2010a) . For derivatives of the potential (gravity and vertical deflections) a cap of some ~10s of km is sufficient (see Hirt 2010) . The RTM forward-modeling procedure was applied with success over land areas to spectrally augment EGM2008 beyond its 5 arc minute resolution (e.g., Hirt 2010 , Hirt et al. 2010a ,b, Šprlák et al. 2012 , and a band-limited variant was used in the construction of EGM2008 over some areas of Earth (see Pavlis et al. 2007; Pavlis et al. 2012) . As a principal drawback of the RTM-augmentation technique, information on short-scale anomalous gravity structures (i.e., signals not generated by the modeled topography/bathymetry) is not recovered, see also Pavlis et al. (2007) .
The gravity forward-modeling procedure relies on the assumption of uncompensated topography. According to Torge (2001, p.340) , topographic ''loads of several 10 to 100 km dimensions are supported by the strength of the lithosphere and are not isostatically compensated''. Our forward-modelled gravity effects possess spectral energy at spatial scales of less than 10 km, which is why the assumption should be well justified.
Comparisons and analyses
Numerical tests were performed over coastal test areas in Greece and Canada with observed vertical deflections, gravity accelerations and geoid undulations available serving as groundtruth. In all of our tests, we compare the observed values with the corresponding functional from EGM2008, and with EGM2008 plus the RTM-modeled short-scale contribution from SRTM-CR/RET2012 data. EGM2008 is evaluated in spectral band of degrees 2 to 2190 (the latter being compatible with the degree 2160 used in the RET2012 expansion, cf. Hirt et al., 2010b) . The EGM2008 functionals were synthesized at the 3D-coordinates (geodetic latitude, longitude and ellipsoidal height) of the observations using the gradient approach for efficient 3D harmonic synthesis (see Hirt 2012 for details) and a modified version of the harmonic_synth software (Holmes and Pavlis 2008) . RTM-functionals were forward-modeled using a variant of Forsberg's TC program (Forsberg 1984) , 200 km integration radius for geoid undulations and 35 km radius for vertical deflections and gravity effects. All RTM quantities were computed in terms of 0.002° resolution grids covering our test areas and bicubically interpolated at the locations of the comparison data.
Greece test area
Over the Greece test area, we use a set of 27 astrogeodetic vertical deflections (Müller et al. 2007; Somieski 2008) . The data set can be considered unique because it is the only vertical deflection data set observed with a precise digital zenith camera system (Bürki et al. 2004) in the coastal zone, and regionally distributed over numerous islands in the North Aegean Sea (Fig. 1) . The deflections were estimated to be accurate to ~0.15 arc seconds (Müller et al. 2007 ), so have ground-truth character. The input data for the RTM forward-modeling are exemplified in Table 1 , and the residuals among the observations and modelled deflections are shown in Fig 1C (EGM2008-only) and Fig. 1D (EGM2008 + land/sea RTM). Inclusion of RTM land/sea data improves the RMS-agreement by close to ~50%, from 1.86 to 0.99 arc seconds for the North-South component ξ, and 2.53 to 1.29 arc seconds for η (Table 1) . In order to isolate the contributions coming from land and sea RTM data, RTM vertical deflections were forward-modeled using land-only data by setting the RTM over sea points to zero (Fig 1E) . Conversely, the RTM bathymetric contribution was isolated by setting the land points to zero (Fig 1F) . From Table 1 , both variants independently improve the agreement among observations and EGM2008, with the land-only contributions being higher (~27% and ~44% for ξ and η, respectively) than those of the sea-only RTM data (~18% and ~7%). In a relative sense, this is not surprising, bearing in mind that the topography is (much) better resolved over land through the SRTM data, than the DBM. Unmodeled mass-density variations of sediment layers might play some role as well.
From Table 1 , bathymetry data makes a contribution to the RTM forward-modelled vertical deflection, and improves over land-only RTM modeling. This is further corroborated by an analysis of the reductions of total residuals δ ε ∆ due to including bathymetry. To obtain δ ε ∆ , we first computed the total residuals 
respectively, to yield the reduction in total residuals
which are shown in Fig. 2 . Inclusion of bathymetry reduces the total residuals for 19 out of 27 stations, with clear improvements (0.5 arc seconds or more) for 11 stations, and clear deterioration (of about 0.5 arc seconds) visible for only one station. It is the sea-only RTM elevation data from SRTM30_PLUS shown in Fig. 1F that provides some missing information on the short-scale marine gravity field not recoverable by land-only RTM, nor resolved by the 5-arcmin EGM2008 model. The Greece vertical deflection data set was also used in Hirt et al. (2010b) for assessment of EGM2008, however, without attempting to model the RTM contributions over sea. As such, the land-only RTM case (Fig. 1E ) corresponds closely to the comparisons done by Hirt et al. (2010b) . It is acknowledged that one outlier was not removed in Hirt et al. (2010b) (they used 28 instead of the 27 vertical deflection stations also used by Müller et al. 2007 ).
Figure 2. Reduction of vertical deflection residuals through inclusion of bathymetry in the RTM
forward-modeling, shown as a function of the station, units in arc seconds.
Vancouver test area
As second test area, the Vancouver coastal zone (bounded by -130°≤ longitude λ≤-122° and 48°≤ latitude ϕ≤51°) including Vancouver Island and the Western Canadian mainland was selected because of its rugged bathymetry and topography, and because the Canadian gravity data base (NRC 2011) provides ample gravity observations both over land and at sea. Using the SRTM-embedded sea mask, 2711 land gravity stations were selected within a 10 km land zone near the coast, as well as 15544 sea gravity measurements within a 10 km sea zone adjoining the coast line (Fig. 3) . While the SRTM sea mask rigorously separates between SRTM V4.1 and SRTM30_PLUS data, a strict separation between terrestrial and ship-track data in the immediate vicinity of the coast line will not always be possible due to the discretisation of 7.5 arc seconds. Given the 10 km width of our land and sea zones, the impact of the sea mask resolution is believed to be rather small on our results. Additionally, a set of geoid heights at 56 GPS/leveling stations is used that is based on the Nov07 adjustment of the Canadian leveling network (Véronneau 2007; Véronneau et al. 2006) , cf. Fig. 3 .
Figure 3. Land gravity (red), sea gravity (black) and GPS/levelling points (circles) over the Vancouver test area.
The comparisons between observed and modelled gravity (Table 2) were drawn separately for the land and sea gravity stations and for the model variants
(ii) EGM2008+RTM (land-only, through setting RTM elevations over sea to zero), (iii) EGM2008+RTM (sea-only, through setting RTM elevations over land to zero), and (iv) EGM2008+RTM (land/sea, i.e., using the full RTM information from our topography-bathymetry combination), allowing investigation of the role of bathymetry in our RTM-modeling. In all of our tests, we transformed the observed gravity values to gravity disturbances by subtracting the GRS80 normal gravity at ellipsoidal station height. Because the Canadian gravity stations are accompanied by physical heights, ellipsoidal station heights had to be constructed by applying the EGM2008 geoid as correction. For the land gravity stations, Fig. 4 shows the residuals 'observation minus model' for the four different cases. From Table 2 , RTM considerably improves the RMS-agreement by ~70% over the EGM2008-only solution. The improvement is largest when including land and sea points in the RTM forward-modeling (~73 %, from 21.1 to 5.8 mGal), compare Fig. 4A and 4D . Using sea-only RTM, our land gravity comparisons indicate 6% RMS improvement, while the landonly RTM yields a significant ~70% gain in improvement (Figs. 4B and 4C ). We note that similarly significant RTM-conferred improvements have been reported for other land areas, e.g., Norway (Šprlák et al. 2012) , Switzerland (Hirt 2012) and Australia (Filmer et al. 2013 ). For the sea gravity (see Fig. 5 for the residuals) using land-only RTM and EGM2008 reduces the RMS differences by ~8% compared to EGM2008-only, while the sea-only RTM data and EGM2008 significantly improves the agreement (~42 %, from 14.6 mGal down to 8.5 mGal). Consideration of both land and sea points in the RTM yields the highest improvement, as large as ~50%, (reduction of RMS-differences from 14.6 to 7.4 mGal, Figs. 5A and 5D ). This behavior is within the expectations, given that the "RTM-terrain" closest to the station makes usually the largest contribution (cf. Forsberg 1984, Eq. 7.5 ibid) , and the SRTM30_PLUS bathymetry thus has a larger impact on sea than land points in coastal zones (Figs. 5B and 5C ). Both the land and sea gravity sets unanimously demonstrate that the SRTM30_PLUS-conferred bathymetric information improves the agreement between EGM2008 and observations and between EGM2008 and land-only RTM data, not only over land but also sea near the coast. Geoid heights were computed from EGM2008 following Hirt (2012) whereby Rapp's (1997) C2 geoid-quasigeoid separation term was approximated with zero (because most stations are close to or at the sea level), and then augmented with RTM (land-only), RTM (sea-only) and RTM (land/sea) geoid heights. A bias was subtracted in the comparisons with the observed geoid undulations from the GPS/leveling data (Table 3) . From Table 3 , the land/sea RTM improves the RMS agreement over the EGM2008-only geoid heights by 12 %, or from 54 to 47 mm in terms of RMS differences. Using RTM (land-only) surprisingly deteriorates the RMS agreement to 77 mm (or -42 %), while the RTM (sea-only) data alone yields RMS values equivalent to EGM2008-only. A closer inspection of the land-only RTM performance revealed that strongly negative RTM elevations of deep fjords and inlets (cf. Fig 3) in our test area were "neglected" [through setting the RTM elevations over sea to zero], introducing unwanted systematic error patterns (RTM geoid undulations with a positive bias of several cm near the rugged parts of the coast). Hence, a combination of topography/bathymetry data in RTM geoid modeling is to be preferred over landonly RTM in [rugged] coastal zones. This not only reduces systematic errors [of the land-only RTM] but improves over EGM2008-only geoid information in our test area. The lower geoid RMS-improvement rates in comparison to gravity and deflections are not surprising, bearing in mind that the geoid spectral power is concentrated in the long and medium wavelengths.
Newfoundland test area
Because it was felt that an area less rugged than the Vancouver area is useful to give a more complete picture of the RTM coastal zone modeling performance, we have chosen Newfoundland (Eastern Canadian Coast) as a third test area. The Newfoundland area is less elevated than the Vancouver area and features rather shallow bathymetry. 2321 land gravity and 1577 sea gravity stations were extracted from the Canadian gravity data base in 10-km land and sea zones adjoining the coast line within -60°≤λ≤-52° and 46°≤ϕ≤51° ( Figure 6 ). The comparisons were drawn in complete analogy to the Vancouver tests. 180 erroneous ship-track observations (based on an arbitrary threshold of 30mGal for the differences observations minus EGM2008/RTM gravity values) were identified near 53.5W and 47.6N, and South of 47.5N and excluded from the analysis, ensuring that the sea gravity observations keep 'ground-truth' character. Obs-(EGM08+RTM) Sea-only -25.5 27.5 -2.7 6.1 10.9
Obs-(EGM08+RTM) Land/sea -19.9 27.7 -2.1 5. 4 20.5 From the descriptive statistics reported in Table 4 , use of land/sea RTM as augmentation of EGM2008 yields the best agreement in all cases, with RMS improvement rates of ~50% (land gravity observations), and ~20% (sea gravity). We observe that the SRTM30_PLUS bathymetry contributes to a slight improvement for the land gravity (RMS reduction from 7.8 to 7.5 mGal) and makes a somewhat clearer contribution in our sea gravity modeling (RMS reduction from 6.8 to 6.1 mGal, or 11% improvement over the EGM2008-only solution) near the coast. Again, the best agreement is obtained through combined use of topography and bathymetry, as indicated independently by the land and sea gravity. The test demonstrates that also in a less rugged coastal area our RTM topography/bathymetry-combined forward-modeling may confer advantages over "land-only" RTM-data.
Discussion
Over three coastal test areas with different characteristics, we have compared the performance of land-only RTM gravity forward-modeling with the more advanced RTM approach that combines SRTM land topography with SRTM30_PLUS bathymetry. The gravitational attraction of the ocean water masses was modelled as rock-equivalent topography, but this is only a computational preference. Three different gravity field functionals (geoid, gravity, vertical deflections) and three coastal test areas were used in order to make the performance tests more complete.
All of our tests unanimously demonstrate that the 30 arc-second SRTM30_PLUS bathymetry contains information on the gravity field's fine structure over our test areas, at spatial scales shorter than 5 arc-minutes. As such, the SRTM30_PLUS bathymetry is shown to be capable of improving EGM2008 both over land and marine areas in coastal zones. The contributions of the land topography (DTM) to the RTM-modelled short-scale gravity field were larger than of the DBM (also compare variations in land and sea RTM data in Figs. 1E and 1F ). Considering the lower resolution of the SRTM30_PLUS bathymetry relative to the high-resolution SRTM land topography, this is within the expectations. In comparison to the DTM, the DBM component can thus be considered the 'bottleneck' in coastal zone RTM gravity forward-modeling.
A recent paper (Tocho et al. 2012 ) investigated topographic reductions in the context of RCR marine geoid computations using EGM2008. Tocho et al. (2012) deployed an altimetry-derived DBM [without depth soundings], used moving averages for constructing their RTM data, and investigated over a marine area offshore Argentina whether RTM improves the agreement between EGM2008 and higher-resolution altimetry-derived functionals. Tocho et al. (2012) found insignificant RTM-conferred improvements for gravity anomalies and no improvements for geoid undulations. They concluded that the "spatial resolution of the currently available DBMs is not enough in order to provide high frequency content information compared to EGM2008 for marine gravity field and geoid modeling", while acknowledging the possible use of altimetry/sounding combined DBMs (Tocho et al., 2012, Sect.3 ibid) .
Contrary to the Tocho et al.'s study, our Tables 1, 2 , 3 and 4 demonstrate that the resolution of the SRTM30_PLUS DBM is good enough to provide higher-frequency content information compared to EGM2008 over some coastal areas. Key differences between Tocho et al.'s (2012) and our study are (i) the test areas (up to ~700 km offshore vs. coastal as well as Southern vs. Northern Hemisphere), (ii) the DBMs employed (altimetry-only vs. altimetry/sounding combined) and (iii) the RTM forward-modeling approach (moving averages vs. spherical harmonic high-pass filtering and use of RET). The different findings of both studies are most likely explained by the fact that our tests focus on the coastal zone, where a reasonable amount of sounding data can be assumed to be available to constrain bathymetry from altimetry (see Wessel and Chandler 2011, Becker et al. 2009 ). Second, over the Northern Hemisphere coastal zones more soundings are available than over the Southern Hemisphere (Wessel and Chandler 2011) . Third, also the filtering used in the construction of RTM data is different (mean values vs. the more suitable spherical harmonic filtering), which might also play a role.
We acknowledge that the SRTM30_PLUS bathymetry is not a perfect description of the seafloor topography in its entirety, with artifacts reflecting ship track data visible over parts of the oceans, and artifacts at some land-sea transitions apparently present. Naturally, forward-modeling of such "bad data" will yield poor or even wrong estimates of the gravity field's fine structure. In coastal zones with very shallow bathymetry/topography, such as most of the North Sea, it is clear that RTM elevations will be small, and thus RTM-conferred improvements insignificant. In the present study we did not test the RTM approach over remote offshore areas [nor Southern
Hemisphere areas] where the spatial resolution of depth soundings may be lower and their distribution scarcer (see Becker et al. 2009; Wessel and Chandler 2011) . Over deep ocean basins, the role of gravity attenuation with height remains to be investigated as a future task, while our coastal zone test results suggests that over shallow waters attenuation effects are sufficiently accounted for.
Conclusions
This study has investigated RTM forward-modeling of short-scale gravity effects in the coastal zone using a combination of topography/bathymetry along with the concept of rock-equivalent topography. RTM data was generated using a new degree-2160 spherical harmonic reference surface that is consistent with the SRTM V4.1/SRTM30_PLUS merged elevation data. We have demonstrated that bathymetry from the SRTM30_PLUS model carries significant information on gravity field structures at spatial scales shorter than 5 arc minutes. This short-scale information was extracted and used to improve gravity functionals from EGM2008 as example of a current high-degree geopotential model, both over land but also adjoining marine areas near the coastline. As such, our topography/bathymetry combined modeling offers advantages over topography-only RTM in coastal zones and provides a solution to the "RTM coastal zone problem" that was identified but not solved in Hirt et al. (2010b, paragraphs 31 and 32 ibid.) .
The approach, as described and applied in this paper is suitable to compute gravity, geoid undulations and vertical deflections not only over Earth's land masses but also over adjoining coastal zones. This may be of value for some applications.
First, given that many leveling benchmarks and tide gauges are located at or near coast lines, the approach may be used to reduce [to some extent] the signal omission error in height unification or height transfer (e.g., Arabelos and Tscherning 2001) using the EGM2008 geoid or combinations with new GOCE (Gravity field and steady-state Ocean Circulation Explorer, e.g., Pail et al. 2011 ) data sets. This may be beneficial in coastal areas of scarce gravity data coverage, e.g., parts of Asia. Second, forward-modelled gravity values from combined topography/bathymetry RTM data could fill the gap between land gravity and shipborne gravity along coastlines to some extent, which might be useful for RCR-type regional geoid determination, evaluation of present and future altimetric gravity fields near the shore, or reinforcement of less-dense airborne gravity surveys.
Third, altimetric observations are now being merged with the EGM2008 gravity information over land to allow the calculation of gravity from geoid undulations (Andersen et al. 2010b, p195) or from vertical deflections (Sandwell and Smith 2009 p4) via altimetric convolution integrals. While the 5 arc-min resolution of EGM2008 is largely commensurate with the resolution of recent altimetric gravity fields (Andersen et al. 2010b, Sandwell and , the development of next-generation altimetric gravity fields (Andersen and Stenseng 2012; Sandwell et al. 2011 ), e.g., based on the Cryosat-2 mission (e.g., Labroue et al. 2012) , might require higher-resolution information on the gravity field over land. High-resolution models of geoid undulations or vertical deflections from topography/bathymetry RTM forward-modeling could therefore prove useful for the evaluation of altimetric convolution integrals in coastal zones devoid of dense terrestrial gravity data.
Finally, we note that the RTM performance over marine areas will depend on the amount of depth soundings incorporated in the DBM data, on the roughness of the seafloor topography, and presence of lower-density sediment layers that were not modelled here.
5. A global 2x2 arc minute grid (5400 x 10800 cell values) was created through seamless mosaicking of all 5°x5° tiles.
6. At this point, the 2x2 arc minute grids were prepared in terms of geodetic coordinates and centre-of-cell registration (5400 x 10800 cell values). For the spherical harmonic analysis with SHTOOLS and Driscoll and Healy's (1994) algorithm, geocentric coordinates and gridline registration is required. Therefore the geodetic latitudes were transformed to geocentric latitude and from centre-of-cell to grid-line registration, requiring (bicubic) interpolation of the data.
7. Finally, the geocentric and grid-line registered grid of cell-mean RET elevations was expanded into spherical harmonics using Driscoll and Healy's (1994) algorithm, as implemented in the SHTOOLS package. In Driscoll and Healy's algorithm, the grid resolution determines the maximum harmonic degree, which is 2699 for our 2 arc minute grids. We did not use the coefficients beyond degree and order 2160, while those complete to 2160 are freely available at http://www.geodesy.curtin.edu.au/research/models.
